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We present a mixed spin-(1/2, 5/2) chain composed of a charge-transfer salt (4-Br-o-MePy-
V)FeCl4. We observe the entire magnetization curve up to saturation, which exhibits a clear
Lieb-Mattis magnetization plateau and subsequent quantum phase transition towards the gapless
Luttinger-liquid phase. The observed magnetic behavior is quantitatively explained by a mixed
spin-(1/2, 5/2) chain model. The present results demonstrate a quantum many-body effect based
on quantum topology and provide a new stage in the search for topological properties in condensed
matter physics.
PACS numbers: 75.10.Jm,
The one-dimensional (1D) spin chain is the simplest
quantum spin model in which spins are linearly ar-
ranged. Variations of spin size and coupling in 1D spin
chains cause a variety of quantum many-body phenom-
ena through strong quantum fluctuations. Haldane’s con-
jecture in 1983 came as a great surprise to the condensed
matter physics community. He predicted that 1D spin
chains would have fundamentally different properties de-
pending on the value of the spins [1]. Subsequent exper-
imental and theoretical research has demonstrated that
the Heisenberg antiferromagnetic (AF) chain with inte-
ger spins has an energy gap between the nonmagnetic
ground state and the first excited state, whereas that
with half-integer spins has no energy gap. The topolog-
ical ground state of the Haldane chain can be described
by a valence-bond picture [2], where each integer spin is
considered as a collection of S = 1/2 and forms a singlet
state between S = 1/2 spins on the different sites.
Mixed spin chains with antiferromagnetically coupled
alternating S = 1/2 and S > 1/2 have attracted much at-
tention as a research field for examining topological prop-
erties in quantum spin systems. The Leib-Mattis (LM)
theorem explains that the ground state of the mixed
spin-(1/2,S) Heisenberg chain is a ferrimagnet with a
value of S-1/2[3]. Furthermore, the topological argument
by the Oshikawa-Yamanaka-Affleck criterion [4] predicts
the appearance of a quantized magnetization plateau at
(S-1/2)/(S+1/2). Therefore, the mixed spin-(1/2,5/2)
chain, which we present in this work, is expected to ex-
hibit a 2/3 magnetization plateau [5, 6]. A particular
feature of the LM ferrimagnet is the presence of gapless
ferromagnetic and gapped AF spin-wave excitations [6–
10]. The AF gap disappears when a magnetic field ap-
plied, and a quantum phase transition to the Luttinger-
liquid (LL) phase is expected to appear corresponding
to the end of the magnetization plateau and accompa-
nied by a singular square root behavior of the magneti-
zation [5, 6, 11].
From an experimental perspective, several candidates
for mixed spin-(1/2,S) Heisenberg chains have been re-
ported more than 20 years ago. Bimetallic coordination
compounds with 3d transition metals are typical exam-
ples [12–17]. Further, several molecular materials com-
posed of organic radical and Mn2+ ion are expected to
form mixed spin-(1/2, 5/2) chains [18, 19]. Although
several compounds forming the mixed spin chain show a
tendency towards a magnetization plateau, those behav-
iors are not distinguishable from the thermal paramag-
netic state and do not provide conclusive evidence for the
LM plateau associated with an energy gap [12, 14, 17].
Considering the strong AF couplings in the candidate
compounds, it is difficult to observe the entire predicted
LM plateau using actual high-field measurements.
In this Letter, we report the first observation of a LM
plateau in a mixed spin-(1/2, 5/2) chain. We success-
fully synthesized single crystals of a verdazyl-based salt
(4-Br-o-MePy-V)FeCl4 [4-Br-o-MePy-V = 3-(5-bromo-1-
methylpyridinium-2-yl)-1,5-diphenylverdazyl] and our ab
initio molecular orbital (MO) calculations indicated the
formation of a mixed spin-(1/2, 5/2) with slightly alter-
nating interactions. The magnetization curve exhibits a
clear LM magnetization plateau and subsequent quan-
tum phase transition towards the gapless LL phase. We
quantitatively explain the observed magnetic behavior in
2terms of the mixed spin-(1/2, 5/2) chain.
We synthesized (4-Br-o-MePy-V)FeCl4 using a conven-
tional procedure [20] and prepared an iodide salt of the
radical cation (4-Br-o-MePy-V)I using a reported pro-
cedure for salts with similar chemical structures [21].
1-butyl-3-methylimidazolium tetrachloroferrate (239 mg,
0.71 mmol) was slowly added to a solution of (4-Br-
o-MePy-V)I (149 mg, 0.28 mmol) in 10 ml of ethanol
and stirred for 40 min. The dark-green solid (4-Br-o-
MePy-V)FeCl4 was then separated by filtration. The
dark-green residue was recrystallized using mixed sol-
vent of acetonitrile and methanol. The crystal struc-
ture was determined on the basis of intensity data col-
lected using a Rigaku AFC-8R Mercury CCD RA-Micro7
diffractometer. High-field magnetization measurement in
pulsed magnetic fields of up to approximately 53 T was
conducted using a nondestructive pulse magnet. The
magnetic susceptibility was measured using a commercial
SQUID magnetometer (MPMS-XL, Quantum Design).
The experimental result was corrected for the diamag-
netic contributions calculated by Pascal’s method. The
specific heat was measured using a commercial calorime-
ter (PPMS, Quantum Design) by using a thermal relax-
ation method. Considering the isotropic nature of or-
ganic radical systems, all experiments were performed
using small randomly oriented single crystals. Ab initio
MO calculations were performed using the UB3LYP
method with the basis set 6-31G(d,p) in the Gaussian 09
program package. For the estimation of intermolecular
magnetic interaction, we applied our evaluation scheme
that have been studied previously [22]. The QMC code
is based on the directed loop algorithm in the stochas-
tic series expansion representation [23]. The calculations
for the mixed spin-(1/2,5/2) Heisenberg chain were per-
formed for N = 128 under the periodic boundary con-
dition, where N denotes the system size. It was con-
firmed that there is no significant size-dependent effect.
All calculations were carried out using the ALPS appli-
cation [24, 25].
The molecular structure of (4-Br-o-MePy-V)FeCl4 is
shown in Fig.1(a). The verdazyl radical 4-Br-o-MePy-V
and the FeCl4 anion have spin-1/2 and 5/2, respectively.
The crystallographic parameters are as follows: mono-
clinic, space group P21/c, a = 7.676(7) A˚, b = 19.425(15)
A˚, c = 16.028(13) A˚, β = 94.962(16)◦, V = 2381(3) A˚
3
, Z
= 4, R = 0.0451, and Rw = 0.0994. The 4-Br-o-MePy-
V and FeCl4 form a 1D structure along the c axis, as
shown in Fig. 1(b). There are two types of short con-
tacts between the N atom in the central verdazyl ring
and the Cl atom, which are 4.04 A˚ and 3.80 A˚, respec-
tively. Ab initioMO calculations were performed in order
to evaluate the corresponding exchange interactions be-
tween the spins on 4-Br-o-MePy-V and FeCl4 molecules.
They are evaluated as J/kB = 3.9 K and J
′/kB = 3.3
K, which are defined in the Heisenberg spin Hamiltonian
given by H = J∑
i
s2i−1·S2i + J ′
∑
i
S2i·s2i+1,, where s
and S are the spin-1/2 and 5/2 operators, respectively.
The J and J ′ have very close values and from a mixed
spin-(1/2, 5/2) chain with a slight alternation (J ′/J =
0.85), as shown in Fig. 1(c). We note that intermolecu-
lar interactions between organic radical and 3d transition
metal anions tend to be underestimated. From our pre-
vious study [26], the actual values in verdazyl-based salts
are expected to be approximately three times larger than
those of the MO evaluation, i.e., J/kB ≃ 12 K and J ′/kB
≃ 10 K. The MO calculations also indicated two types of
interchain interactions. However, the effective interchain
couplings are sufficiently small to be ignored in the cur-
rent discussion of the mixed spin chain, as described in
the following analysis of magnetization.
Figure 2(a) shows the magnetization curve at 1.5 K.
We observe a clear 2/3 magnetization plateau between
approximately 2 and 30 T and subsequent gapless be-
havior. The magnetization curve reaches its saturation
at approximately 40 T. Considering the isotropic g value
of ∼2.0 resulting from radical and Fe3+ ion in this com-
pound, the saturation value of 5.7µB/f.u. indicates that
the purity of the radicals and anions is approximately
95%. We consider this purity in the following analysis.
The field derivative of the magnetization curve (dM/dB)
exhibits a double peak structure accompanied by a phase
transition towards the gapless LL phase. The magnetiza-
tion curve below the plateau region should correspond to
the thermal paramagnetic state stabilized at finite tem-
peratures, as expected from the Mermin-Wagner theo-
rem [27].
Here, we discuss the ground state of the present mixed
spin-(1/2,5/2) chain. We consider the uniform (J = J ′)
and alternating (J>J ′) types. The uniform type is a
typical model forming the LM ferrimagnet. Its ground
state has the total spin Stot = 2 per unit cell, which are
degenerate at zero-field. The degeneracy is lifted by the
finite magnetic field, and the eigenstate with Sztot = 2
becomes the lowest in the plateau region, as described
in Fig. 2(b). The LM theorem is also applied to the
alternating type, and thus the ground state is expected
to become a similar ferrimagnetic state with Sztot = 2.
We can understand the situation by the valence bond
picture in Fig. 2(b), where the two spin-1/2 particles
on the different sites form a nonmagnetic singlet dimer
through J . We calculated the magnetization curves of
the mixed spin-(1/2,5/2) chain using the quantum Monte
Carlo (QMC) method. The calculated result for the uni-
form type is confirmed to be the same as that of the pre-
vious works [5, 6], and is shown in Fig. 2(a). We obtained
good agreement between the experiment and calculation
by using J/kB = 9.0 K. The calculated result reproduces
not only the 2/3 magnetization plateau but also the field-
induced LL phase. Further, the calculated dM/dB repro-
duces the double peak structure qualitatively. The slight
differences in the low-field thermal paramagnetic and LL
phases are considered to originate from the interchain in-
teractions. Below the plateau phase, the effective spin-2
state fully polarizes at only approximately 2 T, which
indicates the interchain couplings are much weaker than
the intrachain ones. These weak interchain couplings are
3understood by the valence bond picture of the alternat-
ing type in Fig. 2(b). The MO calculations indicate that
the dominate interchain interactions are between s=1/2
radicals. However, the s=1/2 spins can be regarded as
forming a nonmagnetic singlet dimer. The effective inter-
actions between the remaining spins are caused through
the triplet excited states of the singlet dimers and become
much weaker than the MO evaluations [28–30].
We examined the α = J ′/J dependence of the magne-
tization curve. Figures 3(a) and 3(b) show the magne-
tization curve and dM/dB in the vicinity of the gapless
phase for representative values of α, respectively. The
value of J was determined for each α, so as to reproduce
the central magnetic field in the gapless phase. Hence,
the following values were obtained: J/kB = 10.6 K (α
= 0.7), J/kB = 11.9 K (α = 0.5), and J/kB = 13.5 K
(α = 0.3). The magnetization curve increases relatively
rapidly as the α decreases. The corresponding differences
appear in dM/dB, where the shape of the peak dramat-
ically changes with decreasing α. The decrease of α cor-
responds to a reduction of one-dimensionality towards a
complete dimer without an intermediate LL phase for α
= 0. We confirm that the uniform type for α = 1 is
closest to the experimental result, and the α dependence
becomes almost indistinguishable for 0.7 < α < 1. Ac-
cordingly, the actual value of α in the present model is
considered to be between 0.7 and 1, which is consistent
with the MO evaluation.
Figure 4(a) shows the temperature dependence of the
magnetic susceptibility (χ =M/H) at 0.1 T. We observe
an anomalous change at 5.0 K, which indicates that a
phase transition to the long-range order (LRO) occurs
at TN = 5.0 K owing to the small but finite interchain
interactions. In the higher-temperature region, the value
of χT exhibits a rounded minimum at approximately 24
K, as shown in the inset of Fig. 4(a). This behavior is
a typical characteristic of mixed spin chains [13–16]. We
then calculated χT for the uniform mixed spin-(1/2,5/2)
chain with J/kB = 9.0 K by using the QMC method,
obtaining a good agreement in the temperature region
above TN.
The experimental result for the specific heat at zero-
field clearly exhibits a λ-type sharp peak associated with
the phase transition to the LRO, which is consistent
with the discontinuous change in the magnetic suscep-
tibility, as shown in Fig. 4(b). We have not observed
the expected double peak and
√
T behavior in the low-
temperature region [6] due to the phase transition be-
havior. Because the experimental behavior below TN ex-
hibits almost T -linear dependence, the gapless ferromag-
netic dispersion is considered to change to an AF linear
dispersion owing to the effect of the AF interchain inter-
actions. In magnetic fields, the phase transition temper-
ature decreases with increasing fields and almost disap-
pears above 2 T, which is consistent with the formation
of the plateau phase with a spin gap.
In summary, we have succeeded in synthesizing single
crystals of the verdazyl-based salt (4-Br-o-MePy-V)FeCl4
Our ab initio MO calculations indicate the formation of
a mixed spin-(1/2, 5/2) chain. We observe the entire
magnetization curve up to saturation, which exhibits a
clear Lieb-Mattis magnetization plateau and subsequent
quantum phase transition towards the gapless LL phase.
The magnetic susceptibility and specific heat also indi-
cate behavior consistent with the formation of the Lieb-
Mattis plateau. The present results demonstrate a quan-
tum many-body effect based on the Lieb-Mattis theorem
and will stimulate studies on topological properties in
mixed spin chains.
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